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Development of High-Velocity Launcher Technology
Direct energy exchange enhancement in distributed injection light gaslaunchers.
T. W. Alger, R. G. Finucane, J. P. Hall, B. M. Penetrante, T. M. Uphaus

98-ERD-055

It is not widely acknowledged or appreciated that conventional, two-stage light-gas launchers do
not efficiently apply their high breech pressuresto the design intent: accelerating the projectile.
Our objective in this project was to carry out the analysis, design, construction, and testing of a
new class of launchers that will address this limitation. Our particular application isto expand
the pressure range of the conventional, two-stage gas launcher to overlap and validate the
pressure regimes previously attainable only with shock waves generated by nuclear explosions,
lasers, or multistage conventional explosions. That is, these launchers would have the capability
to conduct—in alaboratory setting—high-vel ocity-impact, equation-of-state (EOS)
measurements at up to 2-TPa (20 Mbar) pressure levelsin high-Z materias.

Our design entailed a new class of distributed-injection, gas-dynamic launchers that are designed
to use a boat-tail projectile to overcome the fundamental gas-expansion phenomena known as
escape velocity (the Riemann limit).

Our program included analytical, numerical, and experimental studies of the fast gas release flow
technique that is central to the success of our approach. The analyses led us to believe that, in a
typical configuration, the pressure will be effectively applied to the projectile in atime short
relative to its few-microsecond traverse time; the experimental program we conducted during

FY 1999 supported these estimates. In addition, our program revealed dramatic increased
efficiency in this process that was previously unknown to the launcher community.

The most fundamental practical restrictions on the performance of any gas launcher are the
ability of the launcher to (1) contain pressure in areservoir, and (2) effectively apply that
pressure to the base of a moving projectile. Our gas-rel ease test-fixture experiments showed that
our design was capable of applying nearly twice the pressure to the projectile that isinitially
contained in the reservoir. This results deserves emphasis. whereas conventional guns apply a
few percent of the reservoir pressure to afast moving projectile, our design is paradoxically
capable of applying nearly double the contained pressure. We later confirmed this experimental
result analytically and related it to atype of direct energy exchange between unsteady fluid flows.
This physical approach was the basis for the German V-1 “buzz bomb” of World War I1; it has
been applied to a limited number of commercial applications. (This work should not be confused
with the German WW |1 distributed injection missile launchers.) Direct fluid-energy exchange
has not previously been applied to any gas-launcher technology.

As aresult of these discoveries, we estimate that a practical, 15 km/s, high-velocity launcher
could be built using our direct-energy-exchange, distributed-injection approach. However, the
radical nature of the results, the lack of confirming or alied work being carried out anywhere
else, and the fact that it would take extensive time and resources to demonstrate targeted
performance precluded further development. We plan to submit the results to arefereed journal
to ensure that the work will not be lost to the launcher community.



I ntroduction

The conventional two-stage light-gas gun has been used for many years for high-pressure
eguation of state (EOS) measurements by launching carefully designed projectiles at
instrumented targets. The resulting impact generates intense shock waves, producing high
dynamic pressures and temperatures in the targets, allowing equation of state measurementsto be
carried out at extreme states of matter. A conventional two-stage gunislimited to a velocity near
8 km/s on aroutine basis with planar projectiles (1). This velocity capability limits the pressures
attainable in dynamic EOS experiments to about 600 GPa (6 Mbar) in high-Z metals, whereas
pressures to the 2 TParange are necessary to support the needs of EOS and other user
communities.

Despite many attempts over the last forty years to enhance the performance of the two stage light
gas gun, little sustained progress has been achieved. In the last few years, new theoretical
understanding of the internal gas dynamics of guns has opened the possibility of overcoming the
longstanding 8 km/s limit.

An unsteady gas expansion process is the driving mechanism for the two-stage light gas gun.
Compressed air, gunpowder, or other energy source accelerates arelatively heavy first stage
piston, which compresses and heats the drive gas to alevel determined by a burst diaphragm just
ahead of the second stage projectile. The attainable velocity is based on the maximum pressure
(and temperature) capability of the first stage barrel, or pump tube asit is called. When the
diaphragm bursts, the pressure begins to accel erate the projectile down the barrel, leading to
exponential pressure decay at the base of the projectile in the process. As the projectile continues
to accelerate past the initial sound speed of the propellant, the projectile acceleration drops with
the pressure, and the observed velocity plateau is reached.

In principle, oneis free to increase gun performance by changing gas composition, initial fill
temperature and pressure, piston and projectile masses and diameters, piston velocity profile, and
so on. In practice, performanceis limited by the maximum temperature and pressure capability of
the pump tube and other gun components. As material limits are approached, high temperature,
high-pressure gas erosion of the barrel lead to additional performance losses in practical
applications (2).

The fundamental ballistic limits of conventional and light gas guns, and the inefficiency with
which the high gas pressure is able to be applied to accelerating the projectile, has been known
for hundreds of years. During the last century, the idea of distributing the high pressure source
along the length of the barrel and applying it to the moving projectile as it passes by has been the
subject of repeated theoretical and experimental attention, with little success being reported.
Gilreath et. al. (3) pointed out the critical theoretical errors that motivated many of the previous
failed attempts at distributed injection. This paper first suggested that the theoretical problems
could be overcome by applying the pressure onto the side of the tapered or conical base of a
projectile, rather than against the flat base. The history of these ideas and afirst order theoretical
exposition of the performance parameters of launchers are brilliantly described in a paper by
Higgins (4).

Our program included analytical, numerical, and experimental studies of the fast gas release flow
technique that is central to the success of the distributed injection approach. The analysesled us
to believe that, in atypical configuration, the pressure will be effectively applied to the projectile



in atime short relative to its few-microsecond traverse time. The experimental program we
conducted supported these estimates. In addition, our program revealed some dramatic increased
efficienciesin this process that were completely unexpected and previously unknown to the
launcher community.

The present paper describes a project to experimentally and analytically study some of the crucial
technical advances required for the distributed injection concept. We designed and tested two fast
diaphragm-opening techniques, deciding on the basis of these tests to use an exploding bridge
wire (EBW) driven by a high-voltage capacitor discharge. We designed and built a gas-release
test fixture to study the rate of rise of pressure at a fixed distance from the EBW-fired bursting
diaphragm. In parallel with this work, we designed and built a first-stage helium launcher,
consisting of a pressure intensifier used to boost the helium-bottle pressure from 10 to 100 MPa,
a 100-MPa gas breech, and a new, 5-m-long, 20-mm-diam barrel. We also designed a
distributed-injection accel eration section and assembled a target chamber and associated

vel ocity-measurement equipment (a velocity interferometry system for any reflector, or VISAR)
into a complete launcher system.

Conceptual design description
This concept embodies a new approach toward overcoming the fundamental performance
limitations of conventiona powder guns and two stage light gas guns.

The conventional gas gun works by an unsteady expansion process. As the gas expands, and the
projectile begins to accelerate, the drive pressure drops to only afew percent of the original value
as the projectile reaches about twice the initial sound speed in the drive gas. One method to
overcome this loss that has been proposed and tried over the yearsisto inject additional high
pressure gas from a series of distributed reservoirs onto the base of the projectile asit traverses
the length of the barrel.

The poor results experienced during past trials of distributed injection have been previously
explained by difficultiesinvolving critical timing, electrical interference, and other practical
issues. Although these issues undoubtedly played arolein past failures, more fundamental
matters went unrecognized. As aresult of recent work done hereat LLNL, at JPL, at McGill
University, and elsewhere, it has become apparent that previous gas injection approaches have
suffered from an inadequate theoretical understanding of the gas expansion loss mechanism.
Previoudly, injection schemes were based on the implicit premise that the projectile was
outdistancing the gas drive mechanism, whereas in redlity, the projectile outruns the gas
molecular flow. This subtle distinction explains past failuresto attain projectile acceleration at
high projectile velocities, and also points the way toward an aternative technica approach
towards a distributed injection launcher.

This new concept involves injection of high-pressure gas onto a tapered “boattail” rear surface of
the projectile. Because the apparent relative velocity of the tapered surface is reduced as the
tangent of the boattail angle, this technique, if successful, has the capability of maintaining the
drive pressure at substantially higher absolute projectile velocities. Theoreticaly, it should be
possible to attain velocities 2-4 times that of existing guns at comparable pressure and
temperature limits. As shown in the figure, in a properly designed distributed injection launcher
will apply the maximum drive pressure at the optimum location: the projectile base.



Conventional Ballistics Distributed I njection

Figure 1. In conventional ballistics, the maximum pressure occurs where it does no good: at the
breech. The projectile feels the lowest pressure in the system. A properly designed distributed
injection launcher will apply the maximum pressure at the projectile.

In addition to a better theoretical understanding of the internal gas dynamics, we are also able to
take advantage of substantial increases in the speed and performance of instrumentation and
control systems. The critical engineering performance limit of the distributed injection launcher
revolves around the ability to measure the position and velocity of the moving projectile on a sub
microsecond time scale and release the high pressure gas supply onto the projectile expansion
surface with similar temporal precision. Our approach takes advantage of fast electronics, optical
detectors, and other advanced el ectro-mechanical systems that have evolved in the last 40 years.

Mechanical Design Description

We designed, fabricated, and assembled major components of the launcher, including a high-
pressure helium breech, first stage launch barrel, catch tank, and associated gas supply,
instrumentation and control racks and equipment. Some of the equipment was salvaged from
other experiments, such as the catch tank, mounting system, and instrument racks. We built
components of the distributed injection section, but never assembled these latter components into
afunctioning system. Salient features of the launcher are summarized in Table 1.



Table 1. Launcher design features

First stage gas

Helium

Breech pressure

100 MPa

Breech dimensions

Breech volume

Barrel dimensions

20mm ID by 5mlong

Projectile mass

Design maximum velocity, first stage

2km/s?

Distributed Injection(DI) section length

Catch tank dimensions

Overall length

Figure 2. Distributed Injection Launcher System Components. This perspective view shows
the Computer Aided Design (CAD) description of some of the assembled hardware. From the
right, one sees the helium breech, the helium barrel, the distributed injection section, and the

catch tank. (T. M. Uphaus)




Figure 3. This perspective view shows the CAD description of some of the 12 stage distributed
injection section. Each stage uses four symmetrically located replaceable diaphragms. (T. M.
Uphaus)

Experimental program

We designed and built a gas injection test fixture shown schematically below. The fixture
comprised three separable internal volumes into which various gasses at various pressures could
be introduced. The pressure chamber body volume is separated from the high-pressure test
volume by a moveable piston, while the high-pressure test volume was separated from the low-
pressure test volume by the replaceable burst diaphragm. We operated the test fixture in a variety
of different modes, with different gasses being introduced into different chambers at different
time scales using a number of techniques. The purpose of this fixture was twofold. First, we
conducted a series of tests to measure the performance of various fast diaphragm-opening
methods. Next, we initiated a second test series to measure the time resolved rise in pressure at
the far end of the low pressure test volume located 25 mm from the diaphragm.

In this paper, we focus on a series of tests run with an externally activated digphragm. In this
mode, the piston was withdrawn to the left, the two pressure chambers were supplied with the
same high pressure test gas, and the pressure chamber was evacuated to afew hundred Pa
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absolute pressure and sealed off. Test conditions are listed in table 2.

Table 2. Summary of typical test parameters

High pressure: 0.2 MPa
Low pressure: 100 Pa
Diaphragm material Kapton
Diaphragm thickness 2 mm
Sensor type

Sensor response whatever

Other stuff

Experimental results

The graph shows the pressure trace taken at the rear wall, 25 mm from the diaphragm under the
conditions described above. The pressure trace begins at time zero, when the signal is sent to fire
the diaphragm. After aninitial delay, the pressure at the rear wall beginsto rise. While the
original pressurein the reservoir was 0.2 MPa, it can be seen that the pressure measured at the
wall, overshoots the reservoir pressure by nearly 50%. The implications of this measurement are
potentially dramatic. If one thinks of the rear chamber wall as a simulation of the edge of the
sloped boattail on the projectile, we are effectively applying 50% more pressure to the projectile




base than is contained in the reservoir. This overshoot phenomenon was repeatedly observed
throughout the test program, and was thought to be an artifact of the test setup or
instrumentation. Following extensive calibration and bench testing of the gages, we concluded
that the effect was real, and ascribable to the direct energy exchange mechanism discovered at
the beginning of the twentieth century (5):
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Analytical program
In concert with the experimental program, we undertook a series of analyses of the test fixture

and its geometry. The design concept for the launcher presents formidable challenges to the
modeling program. The projectile traverses an evacuated region of along tube, where the
equations of continuum flow are invalid. Asthe projectile passes, a series of distributed
reservoirs of high-pressure gas is released, providing the motive force for acceleration. These
conditions produce mixed contiguous volumes of very high and very low pressure gasses
surrounded by coupled moving masses. For dilute gas flows, one must use a kinetic theory model
such as the Molecular Dynamics approach or the Direct Simulation Monte Carlo (6) method,
while the high pressure regime requires the use of the partial differential equations commonly
used in hydrodynamics, the Navier-Stokes and Euler equations.

Monte Carlo methods are usually used when the characteristic dimension of the problem is on the
order of the mean free path. The MFP for atmospheric conditions is around 50 nm. For the high
pressures distributed injection system, the design calls for pressuresin the low GParange, where
the mean free path will be around 0.1 nm. For the DSMC method, each cell should be less than 1
mean free path, and each cell should contain at |east 50 particles or so (7). Since the physical



dimensions of the injector would be about 10 mm, the DSMC method becomes impractical, and
the continuum approach has to be used. However, at the leading edge of the flow, we are
interested in calculating the early time resolved pressure rise against the moving surface of the
projectile, at which point the continuum flow model isinvalid.

One approach that has been suggested (8) isto ignore the rarefied region and assume that the
expansion has a discontinuous leading edge at some low but non zero sound speed. For ssmple
geometries with fixed boundaries, this approach can give a reasonable result for pressure, but
fails to properly calculate temperature. One possible solution to this dilemmawould be to
develop a combined approach that uses a continuum model for the high pressure region and the
DSMC method at the high Knudsen number tail of the expansion. Although work isin progress
to develop such amethod (9), none exists to date. Since the location of the boundary is changing
with time, and the geometry is three dimensional, this problem will require large computational
resources.

Numerical program

Because of these known limitations in the analytical capabilities, and to confirm and clarify the
experimental results, we employed the ALE hydrocode and constructed a quarter section model
of the gas cavities within the test fixture. The first stage calculation shows the pressurerisein a
classical shock tube experiment, where the distal end is evacuated and the barrier is suddenly
removed. The pressure rises asymtotically to the final value as expected. The pressure does not
attain the initial value in the reservoir, because of volume reduction effects.

¥iall Pressure (MFa)
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The second series shows the case that the launcher community calls “chambrage’ (11). In this
result, we can see that the pressure measured at the far end of the small tube is greater than the
pressure maintained in the reservoir. In the unsteady fluid mechanics community, this
phenomenon is a fundamental process known as “unsteady duct filling” and is used to design
pressure amplification systems. Although the advantages of chambrage have been known
empirically for centuries, and have been analyzed in various approaches in the launcher
community (12), the connection to the unsteady fluid mechanics world has evidently not been
made.
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Thefina picture shows the simulation of the geometry of our test fixture. The stepped geometry
of the test cell slows the pressure growth rate slightly and reduces the maximum pressure
amplification effect. These results mirror and confirm those of our experimental program and the
conclusions of reference 5, p 66.
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Summary

Our experimental and analytical program has illuminated a new régimein the field of high
velocity gas dynamic launchers. Although many questions and research remains to be carried out,
we estimate that a practical, 15 km/s, high-velocity launcher could be built using our direct-
energy-exchange, distributed-injection approach. However, the radical nature of the results, the
lack of confirming or alied work being carried out anywhere else, and the fact that it would take
extensive time and resources to demonstrate targeted performance precluded our further
development of this design concept.
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